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In-situ Raman spectroscopy of current-carrying
graphene microbridge
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In-situ Raman spectroscopy was performed on chemical vapor deposited graphene microbridge (3μm×80μm) under electrical
current density up to 2.58×108 A/cm2 in ambient conditions. We found that both the G and the G′ peak of the Raman spectra do

not restore back to the initial values at zero current, but to slightly higher values after switching off the current through the
microbridge. The up-shift of the G peak and the G′ peak, after switching off the electrical current, is believed to be due to
p-doping by oxygen adsorption, which is confirmed by scanningphotoemissionmicroscopy. Both C–Oand C=Obond components
in the C1s spectra from the microbridge were found to be significantly increased after high electrical current density was flown.
The C=O bond is likely the main source of the p-doping according to our density functional theory calculation of the electronic
structure. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Graphene has many two-dimensional extraordinary features,
which makes it promising for future electronic devices.[1–3] Since
it was experimentally realized in 2004, graphene has been the
object of intense theoretical and experimental research due to
its exceptional electrical, physical, and chemical properties.[4–10]

Because graphene is a zero-gap material with the linear
dispersion at the Fermi energy (EF) and with its peculiar electronic
characteristics,[4,5] such as electric-field effects and high carrier
mobility,[6–10]it can be an ideal candidate for not only nano-
electronic devices but also chemical and biological sensors.[11–15]

For applications, graphene should be produced in a large scale
by a controllable manner, such as a chemical-vapor-deposition
(CVD) method.[16–18] However, unlike the graphene exfoliated from
graphite, the CVD-grown graphene is not free from defects which
can be chemically reactive.[19] When graphene device is under
operation, therefore, graphene can experience a substantial
modification in chemical and electrical properties, particularly
due to heating by the electro-thermal effect.[20] Naturally, we need
to know what would happen to an electronic circuit made of
graphene when an electrical current flows under natural condi-
tions such as in air. Research on graphene-based nanoelectronic
applications has been extensive, but little progress has been
made under practical operating conditions such as under elec-
trical current as high as that at which graphene starts to break-
down. In addition, most experiments contributing to the advance
in science and technologies of graphene have been carried out in
vacuum, an ideal condition.[21,22] The gases and other species in air
have kept researchers from studying graphene’s electrical behavior
at its breakdown limit.[23] Further understanding of the behavior of
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graphene in those harsh and realistic environments is essential to
realize a new era of graphene electronics in near future.

Raman spectroscopy is a powerful non-destructive technique
for identifying the number of layers, stress, electron�phonon
interaction, and disorder of graphene.[24–28] The most notable
features of Raman spectrum of graphene are the G peak at
1580 cm�1 and the relatively wide G′ peak around 2700 cm�1.
The G peak and the G′ peak are strongly dependent on the local
temperature and the doping condition of graphene.[22,26,29]

In this work, we performed in-situ Raman measurements on a
CVD graphene microbridge on SiO2/Si substrates, in air under
Copyright © 2014 John Wiley & Sons, Ltd.
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electrical current density up to 2.58 × 108 A/cm2. We report our
experimental and theoretical findings about what is happening
to the microbridge of CVD-grown graphene, a primitive graphene
electronic device, when the high-density electrical currents flow in
ambient conditions.
Experimental

Graphene was synthesized through the chemical vapor deposi-
tion (CVD) method on a high purity copper catalyst (Alpha aecer,
99.999%) under H2 condition (70 mtorr, 3 sccm) with methane
used as a hydrocarbon source (650 mtorr, 30 sccm). We used Cu
substrates alloyed with ~ 1% Ag to suppress the formation of
multilayer graphene.[16] As-grown graphene on a Cu substrate
was spin-coated with polymethylmethacrylate (PMMA) and back-
side graphene was etched using oxygen plasma. The Cu substrate
Figure 1. Characterizationof our graphene and thegeometry of thegraphene
microbridge. (a) The electron diffraction pattern and (b) the Raman spectrum of
the CVD graphene, and (c) the scanning electron microscopic (SEM) image of
the graphenemicrobridgewith a dimension of 3 × 80μm2. The three dark small
squares at the bottom (called windows) in the SEM image serve as reference in
our Raman and XPS measurements.
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was finally etched in 1.5 wt.% ammonium persulfate (APS) solution.
After several rinsing processes in distilled water, graphene was trans-
ferred on an electrode-patterned 300 nm thick SiO2/heavily p-doped
Si wafer. Subsequently, the coated-PMMA layer was removed by
acetone and the sample was annealed at 350 °C with argon and
hydrogen condition to remove the remained polymer residues.[18]

The electron diffraction pattern in Fig. 1a shows that our
graphene was indeed a single layer with a hexagonal symmetry
and a lattice parameter of 2.46 Å. Raman spectroscopy has been
used to identify the number of a graphene layer, doping, and
damages on graphene after the fabrication process.[24–26] The weak
Figure 2. Evolution of Raman spectra of the graphene microbridge as a
function of applied current densities. (a) Raman spectra under various
current densities from zero to 2.58 × 108 A/cm2. The blue curve is the
Raman spectrum at the initial state; the red curves are the spectra under
the electrical current density as indicated; the black curves are the spectra
after the current is turned off. The blue dotted lines show the positions of
the G and the G′ peak at the initial state. (b) The shift in the G and the G′
peak (ΔωG,G’) at various current densities. The upper and lower parts of
the graph show the shifts in the wavenumber of the G and the G′ peak
when the electrical current is off and on, respectively. This figure is
available in colour online at wileyonlinelibrary.com/journal/jrs
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D-peak (~1340 cm�1) intensity of graphene clearly indicates that our
graphene was nearly free of damages after fabrication (Fig. 1b).
Graphene microbridges (3 μm×80 μm), as shown in Fig. 1c, were
fabricated by transferring graphene on top of a SiO2 substrate with
Ti/Pt electrodes, patterning an etch mask with electron-beam
lithography, and etching with O2 plasma (see the supplementary
information.) The three small squares at the bottom in Fig. 1c are
called windows, and they serve as reference in our measurements.
The Raman spectra were recorded with a Horiba Jobin-Yvon

LabRam HR spectrometer and detected with a liquid-nitrogen-
cooled CCD detector. The 514.5 nm line of an Ar ion laser was
used as the excitation source, and a laser power on the sample
was kept around 100 μW, to avoid heating of the sample during
the measurements. The Raman scattered light signal was
collected in a backscattering geometry using a long-working
distance microscope objective lens (×50, 0.5 N.A.). The Raman
Figure 3. SPEM images and XPS spectra of the window and the microbridg
measured at different values of binding energy of C1s: 285.3, 284.9, and 284.
gion (up) and the microbridge region (down). Open circles, solid black lines
integrated intensity areas of C–C, C–O, and C=O bonding, respectively. This

wileyonlinelibrary.com/journal/jrs Copyright © 2014 John
spectra were taken from the center of the graphene microbridge
where the Joule heating effect is expected to be the strongest,[30]

by focusing the Raman excitation beam onto an ~1μm diameter
spot. The Raman spectra from the window region served as
reference. Each Raman acquisition time was 2 min, and there
were off-current intervals of about 2 min between each step.
Results and discussion

Fig. 2a shows the Raman spectra of the graphene microbridge,
taken as the current density was varied as indicated. In-situ
Raman measurements were performed on the graphene
microbridge in air before any current was flowing (blue line)
and while the current was flowing (red line). We observed
down-shift of the G and G′ peaks during the application of
e regions. (a) SPEM images of the graphene microbridge simultaneously
5 eV. (b) Photoemission spectra of the C1s core-level from the window re-
, and red, blue, and yellow areas indicate raw data, fitted curves, and the
figure is available in colour online at wileyonlinelibrary.com/journal/jrs
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Figure 4. The density of states (DOS) for possible configurations of C–O
and C=O bonds. The O-adsorbed graphene supercells with an 8× 8 size
were calculated. The dashed red and blue vertical lines indicate the Fermi
level of graphene and the shifted Dirac point of graphene with C=O, respec-
tively. The p-doping of graphene by O adsorption is mainly caused by the
C=O bond by a shift of ~0.5 eV in the Dirac point above the Fermi level. This
figure is available in colour online at wileyonlinelibrary.com/journal/jrs
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currents, which happened without any noticeable increase in the
D peak intensity. The down-shift of the G and the G′ peak is most
likely due to Joule heating.[21,30] Ni et al. reported that the G and
the G′ peak down-shift at high temperature, and their
temperature coefficients are �0.019 and �0.051 cm�1/°C, respec-
tively.[31] Calizo et al. also reported the coefficient �0.016 cm�1/°C
in the temperature range between �190 and 100 °C.[29] In our
results, the down-shift of G and G′ peaks was about 4 and
8 cm�1, respectively, at the current density of 2.58× 108 A/cm2.
We estimated the temperature to be over 200 °C at the current
density of 2.58×108 A/cm2 by the G peak’s temperature coefficient
given in Ref..[31]Notice that the zero-current Raman spectra (black
lines) of the graphene microbridge heated at high current density
(from 1.33 to 2.58 × 108 A/cm2) are significantly different from the
initial spectra (blue line) after turning off the currents. The
wavenumber shift of the G and the G′ peak (ΔωG, G′) at various
current densities is plotted in Fig. 2b when the electrical current
was switched on and off. Note the up-shift of the G and the G′ peak
right after turning off the electrical currents as denoted. The up-
shift of the Raman G peak is widely interpreted as a measure of
carrier doping. The G peak can up-shift due either to the application
of compressive strain,[32,33] or to electrical doping.[26,34] Das. et al.
reported that the G peak stiffens by both electron and hole doping
and the G′ peak responds differently to holes and electrons.[26] Ryu
et al. reported that the observed up-shift in both initially exfoliated
and annealed graphene is principally due to O2 induced hole-
doping rather than in-plane compressive strain, using environ-
ment-controlled in-situ Raman spectroscopy measurements.[34]

Our Raman results, along with the photoemission spectros-
copy results as following, clearly indicate that the up-shift of G
and G′ peaks is due to the adsorption of oxygen onto the Joule-
heated graphene surfaces. Doping changes the Fermi level and
then moves the Kohn anomaly away from q= 0. Therefore, the
G peak position of graphene is renormalized by the doping level.
Figure 2b shows that the doping level was dependent on the
J. Raman Spectrosc. 2014, 45, 168–172 Copyright © 2014 John
Joule heating power at the instance that the microbridge was
subjected to just before turning off the electrical current flow.

Scanning photoemission microscopy (SPEM) and X-ray photo-
electron microscopy (XPS), as shown in Fig. 3, prove the
adsorption of oxygen onto the Joule-heated graphene surface
in an ambient condition. The XPS survey scan revealed that
oxygen is the predominant species in the graphene microbridge
experiencing electrical heating. Spectra of other species were too
weak to be detected in the scan. A scanning focused beam with a
diameter of ~1 μm at a photon energy of 630 eV was used to
compare the chemical states of the surface of graphene in the
microbridge and in the windows, respectively (indicated in the
middle image of Fig. 3a). Adsorbed oxygen in the graphene
microbridge was observed after the electrical breakdown current
limit was surpassed. Figure 3a shows the SPEM images of our
graphene device at three different binding energies of C1s,
284.5, 284.9, and 285.3 eV. The color contrast displays relative
intensities of the denoted peaks in each region. The graphene
in the microbridge showed uniform changes throughout the
surface, while graphenes in the window remained intact as
pristine graphene since they were electrically isolated from the
microbridge. At the binding energy of 284.5 eV corresponding
to the C–C binding energy,[35] the window regions were brighter
than the other regions. As the binding energy increased up to
285.3 eV, which corresponds to the binding energy of the C–O
bonds,[36] the microbridge became gradually brighter than the
windows. The fine structure of C1s analyzed by XPS clarifies that
C–O and C=O bonds were substantial in the microbridge whereas
they were insignificant in the window, as shown in Fig. 3b. After
the flow of high density electrical currents, the C=O peak area
increased from 2.4% in the window to 5.7% in the microbridge.
It is clear that the whole surface of the graphene microbridge
was oxidized by the electrothermal effect.

The density of states (DOS) of graphene for the possible C–O
and C=O bond configurations as shown in Fig. 4 were obtained
using density functional theory (DFT) calculations as imple-
mented in the Vienna Ab-initio Simulation Package (VASP)
code.[37] Based on energetics, we chose two configurations for
the absorption of oxygen atoms: (1) a C–O bond in which
adsorbed O atoms take the bridge site between two C atoms of
graphene (the upper panel) and (2) a C=O bond which one O
atom on one side and another O atom on the other side of
graphene form (the lower panel). The DOS of the graphene with
the C–O bond turned out to have a symmetric curve, which is
similar to that of the pristine graphene. Therefore, it should be
irrelevant with a significant shift in the Dirac point or with
p-doping. On the other hand, our calculation disclosed that the
C=O configuration on graphene shifts the Dirac point above the
Fermi level by 0.5 eV, as shown in Fig. 4, which demonstrates
the dominant role of the C=O bond in the p-doping of graphene.
Conclusion

In summary, we performed an in-situ Raman measurement on
chemical vapor deposited graphene microbridge under high
electrical current density up to 2.58 × 108 A/cm2. We found that
the G and the G′ peak are higher than the initial values at zero
current after switching off the current through the microbridge.
The up-shift of the G and the G′ peak right after turning off
electrical currents indicates the p-doping of graphene, possibly
by the adsorption of oxygen. The adsorption of oxygen is
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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confirmed by scanning photoemission microscopy. The density
functional theory calculation of the electronic structure reveals
that the C=O bond is responsible for the p-doping of the
graphene microbridge.
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